ABSTRACT: The deposit-feeding oligochaete Limnodrilus hollmelsteri possesses metallothionein-like proteins and metal-rich granules for storing and detoxifying cadmium (Cd). In this study we investigated the bioavailability of Cd sequestered within this oligochaete by conducting feeding experiments with '""Cd-labeled oligochaetes and the omnivorous grass shnmp Palaemonetes puglo. We also make predictions on Cd trophic transfer based on oligochaete subcellular Cd distnbutions and absorption efficiencies of Cd by shrimp. Cytosol (~ncluding metallothionein-like proteins and other proteins) and a debris fraction (including metal-rich granules and tissue fragments) isolated from homogenized '""Cdlabeled oligochaetes were embedded in gelatln and fed to shrimp. The '""Cd absorption efficiencies of shrimp fed these subcellular fractions were 84.8 and 48.6'!.), respectively, and were significantly different (p < 0.001), indicating that ""d bound in these fractions was not equally available to a predator. Mass balance equations demonstrate thdt shrimp fed whole worms absorb 61.5% of the ingested In9Cd, an absorption efficiency similar to that obtained experimentally (57.1 % ) . Furthermore, the majority of the absorbed In"Cd comes from the fraction containing metallothionein-like proteins (1 e. cytosol). ' O v d absorbed from the debris fraction probably comes from the digestion of tissue fragments, rather than metal-rich granules. The ecological significance of these f~n d~n g s is that prey detox~fication mechanisms may mediate the bioreduction or bioaccumulation of toxic metals along food chains by altering metal bioavailability. Another important finding is that trophic transfer of metal can be predicted based on the subcellular metal distribution of prey.
INTRODUCTION
The first reported concern for anthropogenically induced elevated cadmium (Cd) concentrations was in the 1930s, and involved an endemic disease found in residents of the Jintsu River Basin in Japan (Yamagata 1973) . The symptoms of Itai-Itai or Ouch-Ouch disease, so called because of the pain produced in the bone, were noted in 1935, and the connection between this condition and the consumption of Cd-contaminated rice was finally made in 1973 (Yamagata 1973) . Cd is introduced into the environment from several sources; anthropogenic inputs from electroplating, manufactur--'E-mail wwallace@usgs gov ing of alloys, pigments, plastics and batteries are the most important (Brenner 1974 , Nomizama 1980 . Due to the release of municipal and industrial wastes into harbors and coastal bodies of water via outfalls and runoff from urban and agricultural areas, aquatic environments are particularly vulnerable to the impacts of metal pollutants such a s Cd. The transfer of Cd through aquatic food chains is of interest because Cd is considered to be one of the most toxic metals; the toxicity of Cd to aquatic invertebrates is well documented (Sprague 1986 , Sadiq 1992 .
Cd has a high affinity for sulfur and sulfur-containing functional groups [i.e. sulphydryl (-SH); disulphide (-S-S-); thioether (-SR)], so it can interfere with the binding of essential metals (Zn and Cu) at reactive sites of enzymes (Nieboer & Richardson 1980) . Toxicity can also occur due to the displacement of Ca by Cd; these metals have similar ionic radii (109 and 114 pm, respectively) (see Huheey 1983) . Cd toxicity can be manifested at all levels of biological organization, including changes in enzyme activities, tissue damage, abnormal development and reduced growth, alterations in swimming and feeding behavior, and reduced fecundity (Capuzzo 1981 , Sprague 1986 . These toxicological effects can be countered by metal detoxification mechanisms involving the binding of metal to metal-binding proteins, such as metallothioneins (MT), and the precipitation of metal into metal-rich granules (MRG) (Roesijadi 1980 , Brown 1982 , Hamer 1986 ). MT and MT-like proteins play important roles in the regulation of essential metals like Zn and Cu and in the detoxification of toxic metals such as Cd and Hg (Kagi & Vallee 1961 , Cousins 1985 , Hamer 1986 , Kagi & Kojima 1987 . MRG are electron-dense concretions (0.5 to >25 pm) of concentrated mete1 salts (Cccmbs & George 1978) . These granules function in the storage and excretion of essential and non-essential metals, and their production is common in all major phyla (Brown 1982 , George 1982 . The goal of our researrh was to determine how Cd detoxification by MT and MRG controls metal trophic transfer.
The bioavailability of metal is controlled by its chemical and physical form in water, sediment and food (Sunda et al. 1978 , Bryan 1979 , Luoma 1989 . Detoxification mechanisms alter a metal's physical form and increase metal body burdens of prey (Bryan 1979 , Roesijadi 1980 , Klerks & Levinton 1989a . These mechanisms may therefore play an important role in controlling metal trophic transfer. The importance of detoxification in controlling metal bioavailability is becoming apparent, but a complete understanding of how these detoxification mechanisms influence metal trophic transfer is lacking (Nott & Nicolaidou 1989 , 1990 , Wallace & Lopez 1996 . The aim of this study was to identify the role of these detoxification mechanisms in controlling metal trophic transfer. This was accomplished by isolating subcellular fractions containing detoxified metal (i.e. MT and MRG) from metal exposed prey, feeding the fractions to a predator and then determining the predator's absorption of the ingested metal. Absorption data was then used to predict metal trophic transfer.
The prey chosen for this study was the depositfeeding oligochaete Limnodrilus hoffmeisteri. This oligochaete is the most abundant macrofaunal organism inhabiting the sediment of a heavily Cd contaminated cove, Foundry Cove, New York, USA, on the Hudson River (Klerks 1987) . This cove was polluted with waste water from a Ni-Cd battery plant and sediment Cd concentrations reached as high as 225000 pg g-' dry wt, though most sediment had Cd concentrations on the order of 500 pg g-I dry wt (Knutson et al. 1987) . Cd bioaccumulation has been noted in Foundry Cove plants, blue crabs, killifish and frogs (Kneip & Hazen 1979 , Hazen & Kneip 1980 . L. hoffmeisteri in the cove attain substantial Cd body burdens, reaching as high as 1124 pg g-' dry wt or higher in some cases (Klerks & Levinton 1989b) . These oligochaetes evolved resistance to Cd and this resistance is believed to be attnbuted to the binding of Cd to MT-like proteins and precipitation into MRG, probably CdS (Klerks & Levinton 1989b , Klerks & Bartholomew 1991 . High Cd body burdens and Cd detoxification by MT-like proteins and MRG made L. hoffmeisteri an ideal organism to use in our studies investigating the trophic transfer of detoxified metal.
The predator used in this study was the grass shrimp Palaemonetes pugio. This shrimp is an important link between contaminated bottom sediments and higher tiophic levels because it is an abundant benthic omnivore of marsh-cove ecosystems, it feeds on a variety of benthic invertebrates (including oligochaetes) and it is an integral part of coastal food chains (Nixon & 
pugio is abundant in Foundry Cove in late summer and early fall, and has been shown to exhibit manifestations of Cd toxicity, such as tissue damage, alterations in respiration and swimming behavior as well as reductions in prey capture (Nimmo et al. 1977 , Hutcheson et al. 1985 , Wallace 1996 .
METHODS
General experimental protocol. Cd trophic transfer from oligochaetes to grass shrimp was investigated in 5 feeding experiments. Shrimp were fed either whole oligochaetes, homogenized oligochaetes mixed with gelatin or 1 of 3 oligochaete subcellular fractions (debris, intracellular or cytosol) mixed with gelatin ( Fig. l ) .
Radiolabeling of worms. During the summer of 1991 Limnodrilus hoffmeisteri, sediment (9000 pg Cd g-' dry wt) and water (0 ppt) were collected from Foundry Co've and maintained in a laboratory culture (20 to 23°C) (Bonacina et al. 1989) . Over the next few months 3 groups of worms (-20 worms per group) were removed from the culture and, after voiding gut contents, individual worms were placed into glass vials containing 15 m1 0.2 pm filtered Hudson River water (0 ppt) containing trace amounts (2.0, 3.7 and 10.4 ng Cd 1-' or 44, 74 and 203 kBq I-', respectively) of the gammaemitting radioisotope lo9Cd (tllz = 462 d). These sets of worms were used in Expts 1, 2 and 3-5, respectively. The background concentration of Cd in the Hudson River water was estimated to be on the order of 0.5 pg (Wallace 1992) . Holding chambers were maintained in a glass aquarium containing 40 1 (5 ppt, 20 to 23°C) seawater. Aquarium water was continuously aerated and filtered through an aquarium filter containing activated carbon and filter media. Over the next 3 d shrimp were periodically assayed for radioactivity. The amount of egested l0%d ('09Cd In fecal material) was determined by filtering the contents of the fecal collector onto a GF/C glass fiber filter and assaying the filter for radioactivity. Shrimp and fecal strands were monitored until there were no further changes in '09Cd retention or egestion (i.e. after complete egestion of the radiolabeled meal). Feeding experiment with homogenized worms (Expt 2). To determine whether the method developed for feeding shrimp separate oligochaete subcellular fractions (i.e. em- "'"d-labeled worms (total wet wt 22 mg) were homogenized with a glass tissue homo-1-' (Wallace & Lopez 1996) . After 6 d, worms were genlzer in 0.04 m1 distilled water. After homogenization removed from the vials, rinsed in distilled water and 0.2 m1 Knox" gelatin solution was added to the homoassayed for radioactivity. Samples were analyzed for genate (Wallace 1992) . This homogenate/gelatin slurry ""d in a Pharmacia-Wallac LKB automated gamma counter equipped with a NaI crystal. Samples were gamma counted for 5 min and counts were converted to dpm; 'OTd standards were used to measure 70% counting efficiency.
Shrimp preparation. Experiments were conducted between October 1991 and January 1992. Because
Palaernonetes pug10 are abundant in Foundry Cove only in late summer and early fall, shrimp for these --shrimp experiments were collected from a salt marsh on the holder north shore of Long Island, New York, USA. Grass shrimp were held in a n aquarium (20 to 23'C), and over a 2 wk period were acclimated from a field salinity of -25 ppt to the experimental salinity of 5 ppt. A salinity of 5 ppt was chosen because it is the highest observed in Foundry Cove and it is not stressful to fecal shrimp (Wood 1967) . Shrimp were fed etr ram in^ fish collector food daily, but 2 d prior to the feeding experiments food was withheld.
Feeding experiment with whole worms (Expt 1). To allowed to feed ad libitum on squid tissue (Fig. 2) facilitating the removal of fecal strands was then homogenlzed by vortexing. Aliquots (7 p1) of thls gelatin were pipetted onto pre-chllled (-20°C) 0.2 pm membrane filters and stored frozen (20°C) (Wallace 1992) The 'gelatin discs' on these filters were scraped off with a scalpel and were fed to shrimp. Shrlmp were prepared and treated as in Expt 1. Subcellular fractionation. To obtaln subcellular fractions for use in feeding experiments, fifteen '09Cd-labeled worms (total wet wt 55 mg) were homogenlzed in a glass tissue homogenizer with 0.05 m1 distilled water. The homogenate was then subjected to differential centrifugation (Nash et al. 1981 , Klerks 1987 (Fig. 3) . Centrifugation produced a debrls fraction [including MRG, tissue fragments and setae (microscopic observation)], an intracellular fraction (including nuclear, mltochondrial and microsomal fractions) and a cytosolic fraction (~ncluding MT and other proteins). The radioactivity of these fractions was determined and samples were stored frozen (-20°C) for use in feeding experiments.
Feeding experiments with subcellular fractions (Expts 3-5). The purpose of these experiments was to determine the bioavailability to shrimp of '09Cd sequestered within the oligochaete debris (Expt 3 ) , ~n t r acellular (Expt 4) and cytosolic (Expt 5 ) fractions. Feeding experiments were conducted by thawing the specific subcellular fraction and adding 0.19 m1 gelatin solution. Gelatin discs were then prepared and fed to shrimp as in Expt 2.
Absorption efficiency and mass balance calculations. Absorption efficiency (AE) was calculated from initlal and final whole body counts:
where S,,, is the inltial 'O9Cd radioactivity in shrimp after ingestion of the meal and Sf,, is the final Io9Cd radioactivity remaining in shrimp after cessation of radiolabeled feces production (t = -50 h ) . 
where A E , is the AE of '""Cd for shrlmp fed a hypothetical whole worm; D, Iand C represent percentages of '""Cd in the oligochaete subcellular fractions (debris, intracellular and cytosol); and AEd, AE, and AE, are the AEs of 'O9Cd for shrimp fed the respective subcellular fractions.
RESULTS

Feeding experiments with whole and homogenized worms (Expts 1 and 2)
The loss of 'OYCd from shrimp fed single whole worms (Expt l ) corislsted of 2 components: a rapldly exchanging pool due to the production of 'OgCdlabeled feces and a slowly exchanging pool possibly due to physiological depuration (Fig. 4a) . The AE for shrimp fec! 1~rhc!e 'Oq~d-!zht!~:! 'bVGiiXS &-as 57.1 (k5.6; n = 10) (mean k SE; n . sample size) and the coefficient of variation (CV) of AE was 30.9%. Average radioactivity in oligochaetes fed to shrimp was 48.6 Bq i d -' (k10.2; n = 10); CV was 66.8%.
The loss of 'OgCd from shrimp fed homogenized worms (Expt 2) was similar to the loss in Expt 1, except that the production of 'OgCd-labeled feces lasted for -24 h (Fig. 4b) . These shrimp absorbed 48.3% (k1.7; n = 10) of the ingested 'OTd and the CV of the AE was 11.4%. The AEs (arcsine transformed data) from Expts 1 and 2 were not significantly different ( p z 0.05; Student's t-test for samples with unequal variances), but there was a significant difference (p < 0.05) between the variances (Sokal & Rohlf 1981) . These results indicated that embedding homogenized worms in gelatin did not alter 'OqCd bioavailability to shrimp. This method could therefore be used in feeding experiments with subcellular fractions. An additional benefit of embedding homogenlzed worms in gelatin is that shrlmp recelved uniform meals. This can be seen in the extremely low CV of 3.4% in the radioactivity of gelatin discs fed to shnmp; the mean was 13.7 Bq i d -' (k0.1; n = 10).
Subcellular fractionation
The cytosol (containing MT-like and other proteins) accounted for the largest proportion (42.3%) of '09Cd in Limnodrilus hoffmeisteri. The debris fract~on, whlch included MRG and tissue fragments, was the second largest pool and accounted for 39.3 % of the body bur- 
Feeding experiments with subcellular fractions (Expts 3-5)
The AE for shrimp fed the debris fraction (Expt 3) was 48.6% (k3.1; n = 10) (Fig. 5) . Shrimp absorbed 72.8% (k4.3; n = 11) of the Io9Cd in the intracellular fraction (Expt 4 , Fig. 6 ). In both experiments shrimp exhibited a 2 component loss of Cd and had '09Cd egestion curves that mirrored their Io9Cd retention curves. Shrimp fed the cytosolic fraction (Expt 5) absorbed 84.8% (e2.2; n = 22) of the ingested 'OgCd and displayed a gradual loss of '09Cd (Fig. 7) . These shrimp never produced 'O"d-labeled feces. Regression analysis of the l0%d retention curve for shrimp 
Mass balance of Cd trophic transfer
Mass balance calculations indicate that Palaemonetespugio should absorb roughly 61.5 % of the Io9Cd in Limnodrilus hoffmeisteri, assuming that the subcellular l0%d distribution of the ingested worm corresponds to that listed in Table 1 . It is apparent from these calculations that 'OgCd sequestered in the cytosolic fraction, which includes MT-like proteins, constitutes the major source (35.8%) of the lo9Cd absorbed by shrimp. '09Cd absorbed from the debris fraction, which contains the MRG, is less important (19%). '09Cd absorbed from the intracellular fraction is minimal (6.7 %).
DISCUSSION
Limnodrilus hoffmeisteri sequesters and detoxifies
Cd via binding to MT-like proteins and storage into MRG (Klerks & Bartholomew 1991) . Many organisms sequester essential and non-essential metals in similar fashions (Roesijadi 1980 , Brown 1982 . Metals stored and detoxified via the binding to MT and similar metal-binding proteins include Ag, Cd, Cu, Hg and Zn, while MRG have been shown to contain Ag, Ca, Cd, Cr, Cu, Fe, Hg, Mg, Mn, Ni, Pb and Zn (Roesijadi 1980 , Brown 1982 . If this storage and detoxification controls metal bioavailability to predators, metal detoxification at one trophic level could have ecosystem wide implications. The MT-like proteins of L. hoffmeisteri have an apparent molecular weight of 16000 daltons and were contained within the cytosolic fraction (Klerks & Bartholornew 1991) . Cd within this fraction was efficiently absorbed by Palaemonetes pugio. In addition to MT, L. hoffmeisteri produces 2 types of MRG: high density granules, possibly composed of CdS, and low density granules consisting of a mixed Ca-Cd-Fe phosphate (Klerks & Bartholomew 1991) . These concretions were contained within the debris fraction, and shrimp absorbed less than half of the Cd contained within this fraction.
The high variance in lo9Cd AE for shrimp fed whole worms (Expt 1) could have been due to variability either among shrimp or among worms. The latter is more likely, as the variance in AE of shrimp fed homogenized worms mixed with gelatin (Expt 2) was much lower than that of shrimp fed whole worms. The variability in 'OgCd AE for shrimp fed whole worms is prohahly ron_trn!!ec! h ;~ differe~ces amczg worms in the partitioning of 'OgCd among the various subcellular pools. The most important factor controlling this internal partitioning 1s the detoxification of Cd by MT-like proteins and MRG. Two factors that could account for differences in Cd detoxification among worms are genetic variability and prior Cd exposure (Klerks & Levinton 198913, Klerks & Barthlomew 1991 , Wallace & Lopez 1996 . These factors could have been important in this study because it was necessary to collect worms from 2 locations within the cove. Previous studies have shown that there is extreme variability in Cd tolerances among Foundry Cove worms, and sediment Cd concentrations in the cove are very patchy (Klerks & Levinton 198913) .
The comparatively low AE of '09Cd for shrimp fed the debris fraction (Expt 3) was most likely related to DeGuisti et al. 1962 , Van Wee1 1970 . The Cd in the high density granules, which are presumed to be CdS, would be biologically unavailable because CdS would not dissolve at these pHs (Gong et al. 1977) Cd in the mixed Ca-Cd-Fe phosphate granules should also be unavailable. Similar granules lsolated from bivalves are insoluble in a varlety of saline solutions (Simkiss 1981) Metals in some granules are bioavailable; magnes~um/calcium carbonate granules in herbivorous gastropods were leached of component metals during digestion by carnivorous gastropods, but phosphate granules were relatively unaffected (Nott & Nicolaidou 1990) . Recent work has shown that -55% of the ' ' "d in the debris fi-action of Foundry Cove oligochaetes is In a granular fraction that is stable after being heated (80°C) and exposed to NaOH; the remaining 45 % was solubillzed by the procedure (Silverman et al. 1983 , Wallace 1996 . The percentage of 'OgCd solubilized from this debris fraction is in accordance with the AE of 48.6% for shrimp fed a simllar fraction in the present study. The bioavailable ""Cd in the debris fraction (Expt 3 ) probably came from this readily soluble fraction comprised predominantly of tissue fragments.
The 'OqCd in the intracellular fraction (i.e. nuclear, mitochondrial and mlcrosomal) (Expt 4) was readily available, with an AE of 72.8 %. This fractlon contained less than 10% of the total '09Cd in the oligochaetes, whlch is consistent with other research demonstrating the relatlve unimportance of the intracellular fraction for storing Cd (Jenkins & Mason 1988 , Klerks & Bartholomew 1991 , Wallace 1992 , Wallace & Lopez 1996 .
The cytosolic fraction, containing the MT-11ke protelns, had the highest AE (84.8%), but may have been much higher. Throughout these experiments AE was calculated by determining the percentage of ingested l n q c d remaining in shrimp after the complete egestion of I0"Cd (t = -50 h). Even though shrlmp fed the cytosol (Expt 5) did not produce ""d-labeled feces, AE was calculated at t = 50 h to be consistent with other experiments. This method for calculating AE may have underestimated AE for these shrimp. The actual AE for shrimp fed the cytosolic fractlon may have been as high as l o o % , because metabollc depuration of 'OqCd is indicated by the continual gradual decline in shrimp '"Cd body burden, and the y-intercept of the loss curve was not significantly different from 100%. Calculating the y-intercept for a metabollc depuration curve is a more accurate method of determining AE (Benayoun et al. 1974) . The efficient absorption of metal from cytosol has been shown for copepods and bivalve larvae fed phytoplankton and for grass shrimp fed oligochaetes (Reinfelder & Fisher 1991 , Reinfelder & Fisher 1994 , Wallace & Lopez 1996 .
Subcellular fractionation of Ljmnodrilus hoffineisteri
shows that both the cytosolic and debris fractions account for roughly 40% of the worms' total 10qCd. Mass balance calculations lndicate that loqCd in the cytosol accounts for 58.2% of the 'OgCd absorbed by shrimp (35.8 U/o of the ingested 'OqCd). Furthermore, the debris fraction would account for only 30.8% of that absol-bed (19.O'XI of the ingested 'OgCd). The '09cd absorbed from the debris fraction probably comes from ""d bound to tissue fragments, not MRG (Wallace 1996) . The overall estimate of 'OgCd AE is simllar to that obtained for shrimp fed whole worms (Expt l ) , and is slightly higher than that obtained for shrimp fed the homogenized worms mixed with gelatin (Expt 2).
CONCLUSIONS
Palaernonetes pugio fed Individual Lininodrilus hoffmeisteri absorbed 57.1 % of the oligochaetes' sequestered '""Cd. Variability in this absorption was controlled by differences among worms, most likely d u e to differences in subcellular distributions, rather than differences among shrimp. The subcellular 'Oyd distribution of oligochaetes was equally dominated by cytosol and debris. Both fractions contain the products of metal detoxification mechanisms; the former, MTlike proteins, and the latter, MRG. These divergent mechanisms for detoxifying metal play important roles in controlling metal trophic transfer. This study shows that protein-and gi-anule-bound 1°'Cd in L. hoffmeisteri were not equally available to P. pugio. 'OgCd bound to MT-like proteins was transferred with a high efficlency and 10"d bound to MRG was relatively unavailable. The ecological significance of these findlngs is that prey detoxification mechanisms may mediate the bioreduction or b~oaccumulation of toxic metals along food chains by altering metal bioavailability. Another important findlng 1s that the t r o p h~c transfer of metal can be predicted based on the subcellular metal distribution of prey. These concepts should be incorporated into mechanistic models that predict metal trophic transfer.
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